Multidrug membrane transporters can selectively extrude a wide variety of structurally and functionally unrelated substrates, and they are responsible for ineffective treatment of a wide range of diseases (e.g., infection and cancer). Their underlying molecular mechanisms remain elusive. In this study, we functionalized Ag NPs (11 nm in diameter) with two biocompatible peptides (CALNNK, CALNNE) to prepare positively and negatively charged Ag-peptide NPs (Ag-CALNNK NPs +ζ , Ag-CALNNE NPs −4ζ ), respectively. We used them as photostable plasmonic imaging probes to study charge-dependent efflux kinetics of BmrA (ABC) membrane transporter of single live Bacillus (B.) subtilis cells. Two strains of the cells, normal expression of BmrA (WT) or devoid of BmrA (ΔBmrA), were used to study the charge-dependent efflux kinetics of single NPs upon the expression of BmrA. The NPs (1.4 nM) were stable (non-aggregated) in a PBS buffer and biocompatible to the cells. We found the high dependent accumulation of the intracellular NPs in both WT and ΔBmrA upon the charge and concentration of NPs. Notably, the accumulation rates of the positively charged NPs in single live WT cells are nearly identical to those in ΔBmrA cells, showing independence upon the expression of BmrA. In contrast, the accumulation rates of the negatively charged NPs in WT are much lower than in ΔBmrA, showing high dependence upon the expression of BmrA and suggesting that BmrA extrude the negatively charged NPs, but not positively charged NPs, out of the WT. The accumulation of positively charged NPs in both WT and ΔBmrA increases nearly proportionally to the NP concentration. The accumulation of negatively charged NPs in ΔBmrA, but not in WT, also increases nearly proportionally to the NP concentration. These results suggest that both negatively and positively charged NPs enter the cells via passive diffusion driven by concentration gradients across the cellular membrane, and BmrA can only extrude the negatively charged NPs out of the WT. This study shows that single NP plasmon spectroscopy can serve as a powerful tool to identify single plasmonic NPs and to probe the charge-dependent efflux kinetics and function of single membrane transporters in single live cells in real time.
INTRODUCTION
The ABC membrane transporters (efflux pumps) exist in all living organisms and form one of the largest protein families. [1] [2] [3] They are involved in transport of a wide variety of structurally and functionally unrelated substrates (e.g., sugars, lipids, amino-acids, proteins, or xenobiotics). Extrusion of antibiotics or chemotherapeutic agents out of cells (e.g., bacteria or tumor cells) by the multidrug (multi-substrates) ABC membrane transporters leads to ineffective treatment of infection and cancer, which underscores the importance of understanding their efflux function in order to design more effective therapy. [4] [5] Though the ABC membrane transporters can extrude a wide variety of substrates, they share a common modular architecture that includes four core domains: two transmembrane domains (TMD) with variable sequence and topology and two nucleotide-binding domains (NBD) with conserved sequences. [6] [7] [8] [9] Studies have showed that TMDs define the substrate binding-sites and form the transport passageway for substrates to cross the membranes, while the NBDs bind and hydrolyze ATP to power the transporters, which leads to extrude the substrates out of the cells against the concentration gradients across the cellular membrane, named as efflux function. [6] [7] [10] [11] One of the most intriguing questions about the multidrug ABC membrane transporters is how the structurally similar membrane transporters could selectively extrude a wide variety of structurally unrelated substrates. [6] [7] [10] [11] We hypothesize that the specific conformations of membrane transporters might be assembled to selectively extrude a given pump substrate as they encounter with the substrate, underscoring the importance of characterization of their efflux functions in single live cells in real-time. Though X-ray crystallography and cryo-TEM are the primary workhorses to depict the structures of membrane transporters at the atomic resolution, none of them can provide real-time dynamic insights into how the pump proteins specifically interact with substrates and assemble membrane transporters to selectively transport the substrates. [6] [7] [8] [9] 12 Furthermore, crystallization of transmembrane proteins is always very challenging.
Radioisotopes ( 14 C and 3 H) and fluorophores (e.g., rhodamine 123, Fluo-3, Hoechst dyes) have been widely used as probes to study efflux kinetics of multidrug membrane transporters in both bacterial and mammal cells. [13] [14] [15] [16] [17] [18] [19] [20] These conventional probes have generally been used to study ensemble accumulation kinetics of substrates in bulk cells. Notably, individual membrane transporters and single live cells act distinctively and their efflux kinetics are unsynchronized. Thus, it is essential to study the efflux function of single membrane transporters in single live cells in real time, in order to offer sufficient sensitivity to detect rare and individual membrane transport kinetics, and to directly measure the efflux rates of individual pump substrates, which would have been masked and undetectable by ensemble study. We have used fluorophore (EtBr) as an imaging probe and thin-layer total-internal reflection fluorescence microscopy and spectroscopy to study efflux kinetics of single membrane transporters of single live cells in real-time. 17 However, single fluorophores or radioisotopes themselves do not possess distinctive size-dependent physicochemical properties that could be used to measure their sizes in situ in real time. Therefore, these conventional probes themselves cannot serve as various sized pump substrates for the study of size-dependent efflux function of single membrane transporters in single live cells.
Noble metal nanoparticles (e.g., silver nanoparticles, Ag NPs) show distinctive plasmonic properties, which highly depend upon their sizes, shapes, dielectric constants, and surrounding environments. [21] [22] [23] [24] [25] [26] [27] [28] Individual Ag NPs possess high Rayleigh scattering, and can be imaged and characterized, under illumination of a halogen lamp, using dark-field optical microscopy and spectroscopy (DFOMS). [25] [26] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Furthermore, we have demonstrated that we can use size-dependent LSPR (localized surface plasmon resonance) spectra and size-dependent scattering intensity of single NPs to quantitatively determine the sizes of single NPs in solution, in single live cells and single living embryos in real time, and we can use single Ag NPs as photostable nanometer sized optical probes to study the sizedependent efflux kinetics of multidrug membrane transporters in single live cells in real time, and to image single molecules of interest on/in single live cells for a desired period of time with both nm spatial and ms temporal resolutions. 25, [29] [30] [31] [32] [33] [34] [35] [36] [39] [40] [41] [42] [43] In our previous studies, we have used size-dependent LSPR spectra of the noble metal NPs to study transport dynamics of single membrane transporters (MexAB-OprM) in single live cells (Pseudomonas aeruginosa, Gram negative bacterium), and to determine the transformation of pore sizes of their cellular membranes induced by antibiotics (e.g., aztreonam, chloramphenicol) in real time. [30] [31] [32] 44 We have also used size-dependent LSPR spectra of the noble metal NPs to study the dependence of efflux kinetics of single BmrA membrane transporters in B. subtilis (a Gram-positive bacterium) upon the substrate size and the cellular expression of BmrA. 29, 43 We have constructed two new strains of B. subtilis, BmrA fused with EGFP via its C-or N-terminus (Ct-BmrA-EGFP or Nt-BmrA-EGFP), and found that both strains retain the efflux function of BmrA. 18, 29 Studies have showed that some ABC membrane transporters can only extrude either positively or negatively charged substrates, while other ABC transporters can extrude both positively and negatively charged substrates. 3, [45] [46] [47] [48] [49] [50] [51] [52] The charges of amino acids at given locations of TMDs might play a key role in selection of given types of charged substrates. 3, [45] [46] [47] [48] [49] [50] [51] [52] Thus, the study of charged-dependent efflux function of membrane transporters offers the possibility to address how the structurally similar membrane transporters could selectively extrude a wide variety of structurally unrelated substrates. In this study, we synthesized and characterized positively and negatively charged Ag-peptide NPs with nearly identical sizes (11.5 ± 2.9 nm; 11.3 ± 2.5) and studied charge-dependent efflux function of BmrA in two strains of B. subtilis (WT with normal expression of BmrA and ΔBmrA with imaging probes to study charged-dependent efflux function of single membrane transporters in single live B. subtilis cells. Notably, B. subtilis has widely served as a model organism to study efflux function of multidrug ABC membrane transporters, and 78 ABC transporters have been identified in B. subtilis. [53] [54] [55] To our knowledge, it remains unknown whether the BmrA possesses charged-dependent efflux function.
EXPERIMENTAL SECTION

Reagents and Supplies
Sodium citrate (99%), AgClO 4 (99%) and NaBH 4 (98%) were purchased from Sigma Aldrich, and live/dead bacLight viability and counting assay was purchased from Invitrogen. Peptides, Cys-Ala-Leu-Asp-Asp-Glu (>98%) and Cys-Ala-Leu-Asp-Asp-Lys-methyl ester (>98%), were purchased from Celtek Peptides. All reagents were used as received. The deionized (DI) water (18 MΩ, Barnstead) was used to prepare solutions and rinse glassware.
Synthesis and Characterization of Ag-peptide NPs
We reduced AgClO 4 (0.1 mM in DI water) with a freshly prepared ice-cold solution of sodium citrate (3 mM) and sodium borohydride (10 mM) under stirring overnight to prepare the colloidal Ag NPs (11 nm in diameter), and filtered the solution using 0.22 μm filters. 30, 41 We added PEG-20 (0.05% w/v) into the colloidal Ag NPs and stirred the solution for 45 min. We added each type of peptides (CALNNK or CALNNE in a PBS buffer, 0.5 mM PBS buffer with 1.5 mM NaCl, pH 7.0) into the solution (20 mL colloidal Ag NPs) dropwise under shaking. [56] [57] We continuously shook the solution at 4 0 C for 12 h to achieve the SN2 replacement reaction of -SH group of the cysteine of peptides with citrates adsorbed on the surface of the NPs to prepare Ag-CALNNK +ζ and Ag-CALNNE −4ζ NPs. 58 We washed the Ag-peptide NPs three times with the DI water using centrifugation to remove excess chemicals involved in synthesis, resuspended the NPs in the PBS buffer and characterized the NP concentrations, the LSPR spectra and images of single NPs, and sizes and charges of NPs using UV-vis spectroscopy (Hitachi U-2010), dark-field optical microscopy and spectroscopy (DFOMS), high-resolution transmission electron microscopy (TEM) (JEOL, JEM-2100F), and dynamic light scattering (DLS) (Nicomp 380ZLS particle sizing system), respectively. 58 Our DFOMS is equipped with a dark-field optical microscope with a dark-field condenser (oil 1.43-1.20, Nikon) and a 100× objective (Nikon Plan fluor 100× oil, iris, SL. N.A. 0.5-1.3, W.D. 0.20 mm) with a depth of field of 190 nm, a CCD camera (Micromax, Roper Scientific) and Multispectral Imaging System (MSIS, Nuance, CRI). 31-32, 34, 37-38 The MSIS is an integrated system of a liquid-crystal-tunable-filter (LCTF) with CCD camera (SonyICX 285). 35, 38, 40, 42, [59] [60] We have used DFOMS-MSIS to simultaneously acquire dark-field plasmonic spectra and images of massive amount of individual NPs, which enables high-throughput spectral characterization of LSPR spectra of single NPs. We have fully described the designs and applications of our DFOMS for real-time imaging and spectroscopic characterization of single NPs in solutions, single live cells and embryos, and for single molecule detection (SMD). 25, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 44 
Cell Lines and Cell Culture
We purchased WT (BmrA, with normal expression level of BmrA) B. subtilis from Bacillus Genome Stock Center (BGSC), and received ΔBmrA (previously named as ΔyvcC or ΔbmrA, a mutant strain that is devoid of the bmrA) from J. M. Jault. 20 We pre-cultured the cells in an Erlenmeyer flask (250 mL) containing 20 mL of L-broth (LB) medium (1% tryptone peptone, 0.5% yeast extract, and 0.5% NaCl, pH = 7.2) in a shaker (Lab-line Orbit Envivon-Shaker) (150 rpm, 37°C) for 12 h. We then cultured the cells (WT or ΔBmrA) in the LB medium for another 8 h. We harvested the cultured cells using centrifugation (Beckman Model J2-21 Centrifuge, JA-14 rotor, at 7500 rpm, 23°C, 10 min), and washed them with the PBS buffer three times. We re-suspended them in the buffer, adjusted the final cell concentration to OD 600 nm = 0.1, and used it for the entire study.
Real-time study of efflux function of membrane transporters in bacterial cells has always been conducted in PBS buffer, but not in cell culture medium. 14-15, 18-19, 29, 61 The previous studies have showed that the bacterial cells in the PBS buffer retain their efflux function over hours. 14-15, 18-19, 29, 61 Notably, the bacterial cells suspended in the PBS buffer retain their cellular growth stage and cellular function over hours, and their number remains the same over time. 14-15, 18-19, 29, 61 Therefore, in order to use the same growth stage and number of the cells over the duration of each experiment (2 h), it is essential to study the accumulation rates of the NPs in the cells that are suspended in the PBS buffer, but not in the cell culture medium which would lead to the cell growth and creation of the cells with various growth stages and functions. As we reported previously, we characterized the efflux function of BmrA in live cells by real-time measuring the accumulation rates of Hoechst dyes (Hoechst 33342) in WT and ΔBmrA using fluorescence microscopy. 18, 29 
Imaging of Single Ag-Peptide NPs Inside and Outside of Single Live Cells
We incubated the cell suspension (OD 600 nm = 0.1) with 0.7 and 1.4 nM Ag-CALNNK NPs +ζ or Ag-CALNNE NPs −4ζ in the PBS buffer for 2 h. We started the timer to record the incubation time as we added the NPs into the cell suspension. We sampled the mixture into a freshly prepared microchamber every 20 min and imaged single live cells with the NPs at ~15 cells/min over every 20 min using DFOMS. This approach enabled us to image massive amount of cells (1800 cells) at single cell and single NP resolution for each sample and to gain sufficient statistics for study of the accumulation kinetics of NPs in bulk cells at single cell resolution. Distinctive plasmonic properties (colors) of single Ag NPs enabled us to use their LSPR spectra to identify single NPs over cellular membrane, cellular vesicles or debris, which appear white under dark-field illumination. We determined the number of individual intracellular NPs and plotted them versus time to study accumulation rates of single NPs in the cells over time (accumulation rate = slope of the plot over each given duration).
Real-time Imaging of Viability of Single Cells
After the 2 h incubation, we characterized the viability of the cells using live/dead BacLight bacterial viability and counting assay. 62 We imaged the single cells using dark-field optical microscopy and epi-fluorescence microscopy, and counted the green fluorescence cells (peak wavelength of fluorescence spectra of SYTO9, λ max = 520 nm) and red fluorescence cells (peak wavelength of fluorescence spectra of propidium iodide, λ max = 610 nm) as live and dead cells, respectively.
Data Analysis and Statistics
For characterization of sizes, shapes, and LSPR spectra of single Ag-CALNNK NPs +ζ or Ag-CALNNE NPs −4ζ using TEM and DFOMS, we imaged a minimal number of 100 NPs per measurement, and repeated each experiment three times. Thus, a minimal number of 300 NPs was characterized for each type of the NPs. We acquired ten representative images of each cell suspension incubated with 0.7 or 1.4 nM Ag-CALNNK NPs +ζ or Ag-CALNNE NPs −4ζ , every 20 min over 2 h to study accumulation rates of intracellular NPs in single live cells in real-time. This approach allowed us to image a minimal number of 100 single live cells per measurement during every 20 min for 2 h. Thus, 600 single live cells were studied over 2 h for each measurement. We repeated each experiment three times. Thus, 1800 cells were studied for each sample over 2 h, which enabled us to gain sufficient statistics for study of accumulation rates and efflux kinetics of BmrA in bulk cells at single cell resolution.
We presented total number of the cells (300 cells) for all three measurements at the center of each given duration (20 min), but not average of three measurements (100 cells) with standard deviations. The reason that we did not use the standard deviation is because such standard deviation differs from the conventional standard deviation, which is used to determine the precision of the repeated measurements only. Notably, individual cells are distinctive and could have various accumulation and efflux kinetics. Therefore, standard deviations for single cell measurement would include not only the precision of three repeated measurements, but also variation of efflux and accumulation kinetics of single cells. In other words, the conventional standard deviation of repeated measurements only represents the precision of measurements, and hence it is not suitable to describe single cell measurements.
RESULTS AND DISCUSSION
Synthesis and Characterization of Stable and Purified Ag-peptide NPs in the PBS Buffer
We synthesized, purified and characterized the Ag NPs (11 nm in diameter), as described in Method. 29, 41, 58 We then functionalized the surface of Ag NPs with the biocompatible peptides (CALNNK or CALNNE) to prepare positively and negatively charged Ag-peptide NPs ( Figure 1A ), respectively. [56] [57] [58] Each peptide consists of 5 identical amino acids with the identical sequence (CALNN) and differs only a single amino acid (lysine and glutamic acid with pK a of 10.8 and 4.0) at its C-terminus, which offers positive and negative charges at pH 4-10, respectively. We attached the peptide onto the Ag NPs by the interaction of the -SH of cysteine with the surface of Ag NPs to generate Ag-CALNNK and Ag-CALNNE NPs, respectively. These nearly identical peptides minimize the potential effects of variation of the surface functional groups (peptides) and sizes of the NPs on efflux function of BmrA and enable us to study the charge-dependent efflux function of BmrA in single live cells.
We purified the Ag-peptide NPs by thoroughly washing them with DI water using centrifugation. We characterized the surface charges of the purified Ag-peptide NPs by measuring their surface zeta potentials (ζ) over time, showing (3.0 ± 0.2) and -(11.9 ± 0.9) mV for the Ag-CALNNK and Ag-CALNNE NPs, respectively ( Figure 1B) . 58 We characterized the sizes and shapes of the Ag-peptide NPs using high-resolution TEM ( Figure  2A-B) , showing spherical NPs with similar sizes of 11.5 ± 2.9 and 11.3 ± 2.5 nm in diameters for Ag-CALNNK NPs +ζ and Ag-CALNNE NPs −4ζ , respectively. LSPR spectra of single Ag NPs characterized using DFOMS show that a majority of the Ag NPs are plasmonic blue NPs. 29-30, 33, 41 As the surface of the Ag NPs are functionalized with the peptides, LSPR spectra of single Ag-peptide NPs shift from blue to the green and show plasmonic green NPs with peak wavelengths (λ max ) ranging from 488 to 546 nm ( Figure 2C-D) , which enables us to monitor the Ag-peptide NPs (functional peptides on the NPs) in situ in real time. The red-shift of the LSPR spectra of the single NPs is attributed to the decrease of their surface reflectivity and dielectric constant, and increase of their sizes. [35] [36] [37] [38] Notably, scattering intensity of single Ag-peptide NPs became about one order of magnitude lower than the Ag NPs, which makes it even more challenging to image single NPs in single live cells.
Our previous studies show that the LSPR spectra of smaller Ag NPs (e.g., 11 nm in diameter) show higher dependence upon their sizes, shapes, surface morphologies and roughness, [25] [26] and the distribution of LSPR spectra of single Ag NPs measured by DFOMS is always larger than the size distribution of the NPs measured by TEM and DLS. 29-30, 33, 41 Notably, the Ag NPs have been incubated with an excess amount of peptides under shaking over night to achieve full functionalization of Ag NPs with the peptides and to prepare Ag-peptide NPs. Thus, the observation of the larger distribution of LSPR spectra of single Ag-peptide NPs measured by DFOMS than their size distribution measured by TEM and DLS is likely attributed to the high heterogeneity of plasmonic properties of the Ag NPs themselves, but not the heterogeneity of functionalized peptides on the surface of NPs.
We characterized the stability (non-aggregation) of positively and negatively charged Agpeptide NPs in the PBS buffer for 24 h using DLS, which shows that their sizes remain essentially unchanged over 24 h (Figure 3 ). The sizes of the positively charged NPs measured by DLS are 14.1 ± 9.6 nm and 14.6 ± 3.0 nm at 0 and 24 h incubation with the PBS buffer. The sizes of the negatively charged NPs measured by DLS are 13.5 ± 3.0 nm and 14.0 ± 2.7 nm at 0 and 24 h incubation with the PBS buffer. The sizes of the NPs suspended in the PBS buffer measured by DSL are slightly larger than those measured by TEM (Figure 2A ), which could be attributed to the solvation of the NPs in the solution and that the peptides on the surface of NPs could only be measured by DSL, but not by TEM. In this study, we used the sizes of NPs measured by TEM to present our results.
Real-time Imaging of Efflux Kinetics of Single Membrane Transporters in Single Live Cells
We used the distinctive LSPR spectra (colors) of single Ag-peptide NPs to identify single NPs over cellular membranes, debris and vesicles, which do not possess plasmonic properties and appear white under dark-field illumination. Therefore, LSPR spectra of single NPs enable us to identify and track the transport of single NPs inside and outside single live cells (WT and ΔBmrA) using DFOMS. Dark-field optical images of the single live cells (WT and ΔBmrA) (Figures 4 and S1) show cross-sections (hollow tubes, but not rods) of single rod-like bacterial cells with 2 μm in length and 0.5 μm in width, and the membranes of single live cells above and below the focal plane are invisible under dark-field illumination, indicating that the focal plane (190 nm depth of field) of dark-field microscope enables us to image the thin-layer sections of single live cells with single NPs. The NPs appear to be on the membrane and stick outside the cells (Figures 4b-c and S1b-c), which is attributed to the higher scattering intensity of the NPs than the cell membrane and the sizes of the NPs and thickness of the cellular membrane (9 nm) are both under optical diffraction limit (~200 nm).
As the dark-field illumination passes through the cellular membrane to radiate the intracellular NPs, and scattering of intracellular NPs passes through the membrane to reach the detector, the cellular membrane absorbs and scatters photons. Thus, the intracellular NPs are dimmer and blurry and show lower scattering intensity than the NPs outside the cells (Figure 4b and S1b). In contrast, the scattering intensity of the extracellular NPs on the membrane includes the scattering intensity of both NPs and cellular membrane. Thus, they are brighter and show higher scattering intensity than intracellular NPs (Figure 4c and S1c). We have demonstrated that these distinctive features and approaches can be used to distinguish individual intracellular and extracellular NPs for study of efflux function of single membrane transporters in single live cells in real time. [29] [30] [31] [32] [43] [44] We have also validated these approaches by imaging individual intracellular and extracellular NPs at the nanometer spatial resolution using TEM. 31 Taken together, we have used the LSPR spectra and scattering intensity of single NPs to determine intracellular and extracellular NPs. The intracellular and extracellular NPs exhibit distinctive LSPR spectra. The intracellular NPs are dimmer and blurry and exhibit lower scattering intensity than the extracellular NPs (Figures 4b and S1b), while the extracellular NPs are brighter and show higher scattering intensity than intracellular NPs (Figures 4c and S1c). Furthermore, we used the LSPR spectra and scattering intensity of single NPs to characterize the size and number of single NPs, and monitor the peptides functionalized on the surface of the NPs in situ in real time as they are incubated with the cells and transported across the cellular membrane over time using the similar approaches as we reported previously. [29] [30] [31] [32] [43] [44] Notably, if the NPs were aggregated to become the larger NPs, we would have observed the red-shift of LSPR spectra and higher scattering intensity of the single NPs. If the peptides were released from the surface of the NPs, we would have observed the blue-shift of the single NPs. We did not observe either phenomenon, which demonstrate that the NPs are stable in the PBS buffer and in the cells over time and we have successfully detected single Ag-peptide NPs inside and outside of the single live cells over time to study the efflux function of single membrane transporter (BmrA) in single live cells.
Charge-and BmrA-Dependent Accumulation of Single Ag-peptide NPs in Single Live Cells
We studied the accumulation rates of positively and negatively charged Ag-peptide NPs in both WT and ΔBmrA (devoid of BmrA) cells to determine the dependence of accumulation kinetics of intracellular NPs upon the charge of the NPs and the expression of BmrA in single live cells. The results in Figure 5 and Table 1 In contrast, the number of negatively charged NPs accumulated in WT (normal expression of BmrA) is significantly lower than in ΔBmrA (devoid of BmrA) at any given time throughout 2 h incubation ( Figure 6B ), which shows that the accumulation rate of negatively charged NPs in WT at 0.5 NPs/min is 4x time lower than in ΔBmrA at 2 NPs/min, suggesting that the BmrA extrudes the negatively charged NPs out of the WT cells. We also observed the slightly decrease of the intracellular NPs in the WT after 70 min of incubation ( Figure 6B-b) , which could be attributed to the decrease of accumulation rate, as passive diffusion of the NPs into the cells reaches equilibrium due to the decrease of NP concentration gradient across the cellular membrane, while the efflux rate remains the same. Notably, the decrease of accumulation rate of negatively charged NPs in ΔBmrA was also observed after 70 min incubation ( Figure 6B-a) , which further confirms that the decrease of accumulation rate in WT after 70 min incubation is most likely attributed to the decrease of NP concentration gradient, but not the increase of the efflux rate.
It is worth noting that endocytosis, pinocytosis and exocytosis do not exist in prokaryotes (bacterial cells, B. subtilis) and they are not responsible for the transport of NPs in and out of the cells. Taken together, the results in Figures 5 and 6 indicate that the positively charged NPs cannot be extruded out of the cells by the BmrA membrane transporter, while the negatively charged NPs can. To our knowledge, the dependence of efflux function of BmrA upon the type of charges of the pump substrates has not yet been reported previously. Notably, the previous studies have showed that the BmrA can selectively extrude the positively charged fluorophores (e.g., Hoechst 33342) out of the cells. 18, 29 These interesting findings suggest that the efflux function and mechanisms of BmrA for the NPs may be size-dependent or it may differ from those of conventional antibiotics and drug molecules that are an order of magnitude smaller than the NPs. We are currently investigating the dependence of efflux kinetics of the charged NPs by BmrA in single live cells upon the sizes of the NPs, and we will report our finding in the near future.
Concentration-Dependent Accumulation of Single Ag-peptide NPs in Single Live Cells
To further determine how the NPs enter the live cells, we studied the dependence of accumulation of single NPs in single live cells upon concentration and charges of the NPs, and cellular expression of BmrA. For both positively and negatively charged NPs, the results in Figure 7 show that the number of intracellular NPs in both strains (WT, ΔBmrA) highly depends upon NP concentrations and the number of intracellular NPs increases as the NP concentration increases. Interestingly, the number of positively charged NPs and their accumulation rates in both WT and ΔBmrA are nearly proportional to the NP concentration ( Figure 7A Notably, the passive diffusion rates of the NPs into the cells are driven by the concentration gradient across the cellular membrane, and they are proportional to the NP concentration. In contrast, the efflux of NPs out of the cells by the BmrA is an active process and the efflux rates are driven by the ATP hydrolysis upon its binding with NBD of the BmrA. Therefore, the accumulation of the negatively charged NPs in WT is not proportional to the NP concentration ( Figure 7B-a) .
Taken together, the results in Figure 7 suggest that the NPs, like antibiotics, most likely passively diffused into the cells. These results further demonstrate that both positively and negatively charged NPs can go through the cellular member and enter the cells. Notably, ΔBmrA cells are unable to extrude both positively and negatively charged NPs out of the cells, due to the absence of BmrA transporter, which leads to nearly identical accumulation rates of both positively and negatively charged NPs in single live cells (Figure 7b) . Furthermore, the BmrA cannot extrude the positively charged NPs out of the WT, leading to the same amount of the accumulation of positively charged NPs in both WT and ΔBmrA at any given time over 2 h incubation ( Figure 7A ). In contrast, the BmrA transporter can extrude the negatively charged NPs out of the WT, leading to the lower accumulation of negatively charged NPs in WT than ΔBmrA ( Figure 7B ).
Characterization of Viability of Single Cells
We characterized the viability of cells (WT, ΔBmrA) incubated with the NPs throughout the duration of the experiments over 2 h using live/dead bacLight viability and counting assay, which uses SYTO9 nucleic acid stain and propidium iodide to detect live and dead cells, respectively. 62 SYTO9 diffuses into live bacterial cells and leads to the green fluorescence (λ max = 520 nm), which enables the detection of viable cells. Notably, propidium iodide can only enter into the dead bacterial cells due to the disintegration of the cellular membrane of the dead cells, and leads to red fluorescence (λ max = 610 nm), which enables the identification of the dead cells. Furthermore, the number of intracellular NPs in both strains (WT, ΔBmrA) highly depends upon NP concentration and increases with the NP concentration, suggesting that the NPs enter the cells via passive diffusion, similar to conventional pump substrates (antibiotics). Taken together, this study shows that BmrA can extrude the negatively charged NPs, but not positively charged NPs. Notably, the previous studies have shown that BmrA can selectively extrude the positively charged fluorophores out of the cells, 18, 29 suggesting that the efflux function and mechanisms of BmrA for the NPs may be size-dependent or it may differ from those conventional antibiotics that are an order of magnitude smaller than the NPs. These interesting findings represent the first study of charged-dependent efflux function of BmrA in single live cells and demonstrate that single plasmonic NPs can serve as unique and powerful molecular imaging probes to study efflux functions of single membrane transporters in single live cells in real-time.
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